Sodium nitroprusside (SNP), a nitric oxide (NO) donor and a nitrovasodilator drug used for patients with hypertensive crisis, has been shown to promote angiogenesis. However, direct evidence showing the involvement of NO in the SNP-induced angiogenesis is not available. Accordingly, we assessed whether NO generated from SNP-stimulated ovine fetoplacental artery endothelial (OFPAE) cell proliferation via activation of mitogenactivated protein kinase 3/1 (MAPK3/1, also termed ERK1/2). We observed that SNP dose dependently stimulated (P , 0.05) cell proliferation with a maximal effect at 1 lM and that SNP rapidly (15 min) phosphorylated (P , 0.05) MAPK3/1 but not v-akt murine thymoma viral oncogene homolog 1 (AKT1). Treatment of cells with SNP caused a rapid increase in NO levels in media. These increased NO levels were inhibited (P , 0.05) by 2-phenyl-4,4,5,5 tetramethylimidazoline-1-oxyl 3-oxide (PTIO), a NO scavenger. The SNP-induced cell proliferation and MAPK3/1 phosphorylation were attenuated (P , 0.05) by both PTIO and PD98059, a specific mitogen-activated protein kinase kinase 1 and 2 (MAP2K1/2, also termed MEK1/2) inhibitor. Using a semiquantitative RT-PCR analysis, we also showed that up to 12 h of treatment, SNP and N G -monomethyl-L-arginine (L-NMMA, a NOS inhibitor) did not alter mRNA expression of VEGF, FGF2, and their major receptors in OFPAE cells. The SNP's stimulatory effects on OFPAE cell proliferation and MAPK3/1 activation were confirmed in a human placental artery endothelial (HPAE) cell line. These data indicate that exogenous NO generated from SNP is able to stimulate fetoplacental artery endothelial cell proliferation at least partly via activation of the MAP2K1/2/MAPK3/1 cascade. These data also suggest that SNP could potentially be used to modulate placental angiogenesis.
INTRODUCTION
Nitric oxide plays an active role in regulating placental vascular tone and blood flow during pregnancy [1, 2] . This is supported by the observations that inhibition of nitric oxide (NO) synthase with N G -monomethyl-L-arginine (L-NMMA), an arginine analog, potentiates vasoconstriction of human stem villous fetoplacental arteries [3] and increases ovine umbilical vascular resistance, resulting in reduction in umbilical blood flow [4] . In addition, inhibition of NO-induced guanylate cyclase activation increases the perfusion pressure of human fetoplacental circulation [5] . Besides its vasodilatory effect, NO can function as a key mediator for angiogenesis [6] and as an antiapoptotic signal for endothelial cells [7] . The participation of NO in in vivo angiogenesis was first recognized by Pipili-Synetos et al. [8] . This phenomenon was later confirmed by a series of studies by Ziche and colleagues, who have demonstrated that sodium nitroprusside (SNP) stimulates endothelial cell DNA synthesis, proliferation, and migration in vitro and enhances in vivo angiogenic responses [9] [10] [11] . The active role of NO in regulating angiogenesis is supported by the observations that adenovirus-mediated delivery of NO synthase 3 (NOS3) into adductor muscles in a rat model of hind limb ischemia results in significant increases in regional capillary density and blood flow [12] . Moreover, it has been proposed that vascular endothelial growth factor (VEGF)-induced angiogenesis is mediated via the NO/cyclic guanosine monophosphate (cGMP) pathway [11, 13] . NO, as a downstream signal in VEGFinduced angiogenesis, is further confirmed by the observations made in a rabbit ischemia model [14] , NOS3 double knockout mice [15] , and NOS3 overexpressed rats [16] . On the other hand, NO also acts as a crucial signal in in vitro angiogenic response to fibroblast growth factor 2 (FGF2) by promoting endothelial cell differentiation into capillary-like tube formation while terminating the endothelial cell proliferation in both human umbilical vein and calf pulmonary artery endothelial cell lines [17] . Thus, it is reasonable to infer that NO may differentially mediate FGF2-and VEGF-induced angiogenesis at different steps (i.e., proliferation/migration vs. capillary-like tube formation).
Both FGF2-and VEGF-promoted angiogenesis can be mediated via activation of multiple intracellular cell protein kinases including mitogen-activated protein kinase 3/1 (MAPK3/1) and v-akt murine thymoma viral oncogene homolog 1 (AKT1). MAPK3/1 are phosphorylated and activated predominantly by its upstream kinase, MAP2K1/2, in the cytoplasm. Once activated, MAPK3/1 translocate into the nucleus and subsequently stimulates transcription of early response genes. AKT1 is one of major downstream targets of phosphoinositide 3-kinase (PI3K). Available evidence has implicated that NO is a key mediator in activation of these signaling pathways. For example, in bovine postcapillary endothelial cells, NO lies upstream of MAPK3/1 in VEGFpromoted angiogenesis [11, 18] . Souttou et al. [19] also reported that VEGF-but not FGF2-induced proliferation of human umbilical vein endothelial cells is mediated via activation of the PI3K/NOS3/NO pathway. The observations that exogenous NO donors promote angiogenesis via activation of the MAP2K1/2/MAPK3/1 [11, 13] and PI3K/AKT1 cascades [12] in bovine and human endothelial cells further support the concept that NO is critical for activation of multiple signaling cascades in the angiogenic process. We have demonstrated that in ovine fetoplacental artery endothelial (OFPAE) cells, FGF2 increases NOS3 expression via activation of the MAP2K1/2/MAPK3/1 signaling cascade [20] . More recently, we have observed that in OFPAE cells, activation of both MAPK3/1 and AKT1 mediates FGF2-and VEGFstimulated cell proliferation and migration (unpublished data). However, whether exogenous NO can directly regulate placental endothelial cell proliferation and, if so, by what signaling pathways is currently unknown.
SNP is a nitrovasodilator drug (Nipride or Nitropress) commonly used for the emergency treatment of high blood pressure and severe heart failure to reduce heart workload and for generation of controlled hypotension in anaesthetized patients during surgery [21, 22] . Moreover, SNP has also been widely used to study NO regulation of in vitro and in vivo angiogenesis [9-11, 13, 23] . However, as far as we are aware, direct evidence showing the participation of NO in the SNPinduced angiogenesis is still lacking. Accordingly, in this study, we examined in OFPAE cells 1) if SNP generated NOstimulated cell proliferation, 2) if SNP activated MAPK3/1 and AKT1 pathways, 3) if SNP generated NO-mediated SNPinduced cell proliferation via activation of the MAP2K1/2/ MAPK3/1 cascade, and 4) if exogenous and endogenous NO regulate mRNA expression of FGF2, VEGF, and their major receptors. Additionally, the effects of SNP on cell proliferation and activation of MAPK3/1 and AKT1 were confirmed in an HPAE cell line.
MATERIALS AND METHODS

Endothelial Cell Culture
A primary OFPAE cell line, established and validated in our laboratory [20, [24] [25] [26] [27] , was used in this study. All OFPAE cells used in this study were at passages [8] [9] [10] . A primary HPAE cell line was also established from the secondary and tertiary branches of umbilical arteries of a normal term placenta using collagenase digestion [28] . These HPAE cells were validated by their expression of platelet/endothelial cell adhesion molecule (or termed as CD31), vascular endothelial cadherin, and NOS3 (three endothelial cell markers) as well as positive uptake of acetylated low-density lipoprotein (not shown) [27, 28] . All HPAE cells used in this study were at passages 5-7. Protocols for endothelial isolation and experimental procedures were approved by the Research Animal Care Committees of both the Medical School and the College of Agriculture and Life Sciences and by the Institutional Review Board, University of Wisconsin, Madison.
Cell Proliferation Assay
Cell proliferation assay was conducted as described previously [20, 26] . OFPAE cells were plated in 96-well plates (4000 cells/well) in Dulbecco MEM (DMEM; containing 400 lM L-arginine) supplemented with 10% fetal bovine serum (FBS), 10% calf serum (CS), and 1% penicillin-streptomycin (P/S) All these reagents were purchased from Invitrogen (Carlsbad, CA). After overnight culture, media were changed to serum-free DMEM for 24 h. Cells were then treated with fresh-prepared SNP (Sigma, St. Louis, MO) solution at 0 (control), 0.001, 0.01, 0.1, 1, or 10 lM in serum-free DMEM (6 wells/concentration). After an additional 72 h of culture, the number of cells was determined [20, 26] . Wells containing known cell numbers (0, 5000, 10 000, 20 000, or 40 000 cells/ well; 6 wells/cell density) were treated in a similar fashion to establish standard curves. To verify the roles of NO and the MAP2K1/2/MAPK3/1 cascade in SNP-induced cell proliferation, additional OFPAE cells (2000 cells/well) were plated and cultured in DMEM containing 10% FBS, 10% CS, and 1% P/S for 48 h. After 24 h of serum starvation, cells were treated with SNP (1 lM) in the absence or presence of 2-phenyl-4,4,5,5 tetramethylimidazoline-1-oxyl 3-oxide (PTIO), a potent NO scavenger (1-h pretreatment; Sigma) or PD98059, a specific MAP2K1/2 inhibitor (1-h pretreatment; CalBiochem, La Jolla, CA) for an additional 48 h. HPAE cells were cultured in MCDB131 media (Invitrogen) and treated similarly as OFPAE cells to confirm SNP effects on placental artery endothelial cell proliferation.
Western Blot Analysis for MAPK3/1 and AKT1
Western blot analysis was performed as described previously [20, [24] [25] [26] . After 16 h of serum deprivation, OFPAE and HPAE cells grown in 60-mm culture dishes were treated with SNP for 0, 5, 10, 15, 30, or 60 min. The cells were washed twice with cold PBS, then harvested and lysed by sonification in a lysis buffer (4 mM sodium pyrophosphate, 50 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM EDTA, 10 mM sodium fluoride, 2 mM sodium orthovanadate [Na 3 VO 4 ], 1 mM PMSF, 1% Triton X-100, 5 lg/ml leupeptin, 5 lg/ml aprotinin). The cell lysates were centrifuged at 12 000 3 g for 10 min at 48C, and protein concentrations of the supernatant were determined using a BCA protein assay (Sigma). Proteins (10 or 15 lg/sample) were separated on 12% SDS-PAGE gels, electroblotted onto the Immobilon-P membranes (Millipore, Bedford, MA), immunoblotted with the rabbit antibody against phosphorspecific or total MAPK3/1 (1:2000) or phosphor-specific or total AKT1 (Ser493) (1:1000) (all antibodies were purchased from Cell Signaling Technology, Beverly, MA), and detected with ECL detection systems (Amersham Biosciencs, Piscataway, NJ). To verify the role of NO in SNPactivated MAPK3/1, additional OFPAE cells were treated with SNP (1 lM) in the absence or presence of PTIO (50 lM, 1-h pretreatment) or PD98059 (20 lM, 1-h pretreatment).
Immunolocalization of Phosphorylated MAPK3/1
Immunolocalization of phosphorylated MAPK3/1 in OFPAE cells was performed as described [20, 26] . After 16 h of serum starvation, cells grown in the eight-well chamber slides were treated with 1 lM of SNP for 0, 5, 10, 15, 30, or 60 min. Cells were rinsed in ice-cold PBS, fixed, and stained with the rabbit phospho-specific MAPK3/1 antibody (1:250; Cell Signaling Technology). After immunostaining, cells were counterstained with hematoxylin.
Real-Time Detection of NO Generated from SNP
The NO generated from SNP was determined by a sensitive real-time NO detection method using a fluorescence probe, 4-amino-5-methylamino-2N,7N-difluorescein (DAF-FM; Molecular Probes, Eugene, OR). In this assay, in the presence of NO, DAF-FM is converted into a fluorescent product that can be detected. Briefly, OFPAE cells were grown on 96-well, clear-bottom plates in DMEM containing 10% FBS, 10% CS, and 1% P/S. After reaching 70%-80% confluent, cells were washed once and incubated in fresh modified KrebsRinger phosphate buffer, pH 7.4. After 1 h of equilibration, DAF-FM (final concentration at 1 lM) and SNP (final concentrations at 1 and 10 lM) were added. Additional cells were treated with 1 lM SNP in the presence of PTIO at 50 lM. Fluorescent signals were detected every 10 min up to 2 h, using a Synergy microplate fluorescence reader (Bio-TEK Instrument, Winooski, VT) with excitation/emission wavelength 485/528 nm. All data reported were corrected by subtracting the relative fluorescent unit (RFU) obtained from the cells treated with DAF-FM only.
Semiquantitative RT-PCR Analysis
To examine whether exogenous and endogenous NO modulates expression of VEGF, the four VEGF receptors (VEGFR1, VEGFR2, neuropilin 1 [NP1], and 2 [NP2]), FGF2, and FGF receptor 1 (FGFR1), semiquantitative RT/PCR analysis was performed as described [29] . OFPAE cells were grown in six-well plates in DMEM containing 10% FBS, 10% CS, and 1% P/S until 70%-80% confluence. After 16 h of serum starvation, cells were treated with SNP (1 lM), L-NMMA (5 mM; CalBiochem) or D-NMMA (an inactive enantiomer of L-NMMA; 5 mM). After 0, 6, and 12 h of treatment, cells were collected for total RNA extraction. For L-and D-NMMA treatments, cells were cultured in a specially formulated DMEM containing only 25 lM L-arginine during serum starvation and experiments. In the preliminary study, we have observed that 5 mM L-NMMA but not D-NMMA did block VEGF-induced NO production and significantly inhibited FGF2-and VEGF-promoted OFPAE cell proliferation, whereas both L-and D-NMMA alone at this dose did not alter OFPAE cell morphology and viability even after 48 h of treatments (unpublished data). Additionally, we found that 25 lM L-arginine was a minimal concentration required for maintaining normal cell morphology and FGF2-stimulated cell proliferation in OFPAE cells.
Total RNA was extracted using an RNeasy Kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. The RT-PCR assays were performed using a Multiplex PCR (MPCR) optimizer kit (Maxim Biotech, 376 ZHENG ET AL.
San Francisco, CA) following the manufacturer's instructions as described [29] . Briefly, a total RNA sample (1 lg), oligo primer (20 pmol), dNTP mix (2 ll; 5 mM each), and reverse transcriptase (1 ll; Omniscript Reverse Transcriptase, Qiagen) were used to generate cDNA. Since each primer pairs had its unique PCR conditions, the PCR reaction for each primer pairs was first optimized in the preliminary studies. The primers with similar PCR conditions were divided into four sets. The basic reaction was carried out at 958C, 15 sec, and 588C, 4 min (annealing and extension), for 26 cycles after denaturing at 958C for 5 min with some modifications for each primer set. For the primer set I including VEGF, FGFR1, and b-actin, MPCR buffer 2 was used with annealing and extension at 608C for 1 min. For primer set II including FGF2, NP2, and bactin and primer set III including VEGFR2, NP1, and b-actin, MPCR buffers 8 and 4 were used, respectively. For primer set IV including VEGFR1 and bactin, MPCR buffer 4 was used and ran for 28 cycles. At the end of reaction, a sample (1.5 ll) of PCR products was separated on 2% agarose gels containing 0.5 mg/ml ethidium bromide. The signals of each cDNA band were quantified by densitometry. All data for each cDNA examined were within its linear range. Data reported were normalized to b-actin cDNA. These DNA fragments were also gel-purified and confirmed by DNA sequencing as described [30] .
The primers were designed for VEGF, FGF2, VEGFR1, VEGFR2, NP1, NP2, FGFR1, and b-actin using Primer Express 2.0 (Applied Biosystems, Foster City, CA; Table 1 ). The primer pairs for VEGF were designed to detect all VEGF isoforms. The estimated sizes of RT-PCR products for VEGF, FGF2, VEGFR1, VEGFR2, NP1, NP2, FGFR1, and b-actin were 81, 292, 298, 553, 364, 389, 94, and 152 bp, respectively.
Statistical Procedures
Data were analyzed using one-way ANOVA (SigmaStat; Jandel Co., San Rafael, CA). When an F-test was significant, data were compared with their respective control by the Dunnett multiple comparisons or Student t-test.
RESULTS
Effect of SNP on Cell Proliferation
SNP dose dependently stimulated (P , 0.05) OFPAE and HPAE cell proliferation (Fig. 1) . For OFPAE cells, the stimulatory effect of SNP was observed in all doses studied and was biphasic with an approximately 1-fold increase above control at 1 nM, reaching its maximum (;2.5-fold) at 0.1 and 1 lM and then decreasing (;1-fold) at 10 lM (Fig. 1) . For HPAE cells, SNP significantly (P , 0.05) stimulated cell proliferation only at 100 lM and 1 mM (P , 0.05) (Fig. 1B) , and this stimulatory effect was less potent (;36% and 22% above control) as compared with that on OFPAE cells (Fig.  1B) . The SNP-stimulated OFPAE cell proliferation was attenuated (P , 0.05) by PTIO, a potent NO scavenger, in a dose-dependent manner with a maximal inhibitory effect at 25 and 50 lM (Fig. 2A) . PD98059, a specific MAP2K1/2 inhibitor, also dose dependently inhibited (P , 0.05) the SNPstimulated OFPAE cell proliferation with a significant inhibitory effect observed at 20 and 40 lM (Fig. 2B) . PTIO alone, up to 50 lM, and PD98059 alone, up to 40 lM, did not significantly alter cell numbers as compared with the control (Fig. 2, A and B) .
Phosphorylation of MAPK3/1 and AKT1 by SNP
Phosphorylation of MAPK3/1 and AKT1 by SNP in OFPAE and HPAE cells was first determined by Western blot analysis (Fig. 3) . For MAPK3/1, two bands were detected at 44 and 42 kDa, corresponding to the reported molecular masses of ERK1 and ERK2, respectively. For AKT1, a single band was observed at 60 kDa, corresponding to the reported molecular masses of AKT1. SNP rapidly induced phosphorylation of MAPK3/1 in OFPAE (15 min) and in HPAE ( 5min) cells (Fig. 3) . For OFPAE cells, SNP at 1 lM significantly (P , 0.05) elevated MAPK3/1 phosphorylation levels after 15 min of treatment (;3-fold above control), and this elevated MAPK3/1 phosphorylation reached its maximal level (;5-7- NO STIMULATES ENDOTHELIAL PROLIFERATION 377 fold) after 30 min and declined slightly after 60 min (Fig. 3A) . SNP at 1 lM did not alter phosphorylation of AKT1 up to 1 h of treatment in OFPAE cells (Fig. 3A) . For HPAE cells, SNP at 100 lM elevated (P , 0.05) MAPK3/1 phosphorylation levels after 5 min of treatment (; 1.2-fold; Fig. 3B ). This SNPinduced MAPK3/1 phosphorylation started to decline at 10 min and returned to the basal level after 15 min of treatment. In contrast to OFPAE cells, SNP time dependently phosphorylated (P , 0.05) AKT1 in HPAE cells (Fig. 3B) . SNP-induced AKT1 phosphorylation in HPAE cells was first observed after 10 min of treatment (; 0.5-fold) and maintained up to 1 h of treatment (Fig. 3B) . SNP did not change total MAPK3/1 and AKT1 protein levels in both OFPAE and HPAE cells, up to 1 h of treatments (Fig. 3) . The SNP-induced MAPK3/1 phosphorylation in OFPAE cells was further confirmed by using immunocytochemistry (Fig. 4) . Parallel to those changes observed in Western blot analysis (Fig. 3A) , SNP induced an intracellular translocation of phosphorylated MAPK3/1, a critical step for the MAPK3/1 cascade in growth factor-induced cell growth and differentiation [31] . Positive phosphorylated MAPK3/1 staining was not observed in any cell compartment at time 0 treatment; it first appeared in cytoplasm of some cells after 5 min of treatment, accumulated in the nuclei of most cells after 10 min of treatment, and maintained in nuclei after 60 min.
SNP-induced MAPK3/1 phosphorylation in OFPAE cells was greatly inhibited (P , 0.05) by PTIO and blocked (P , 0.05) by PD98059 (Fig. 5) . Treatment of OFPAE cells with PTIO or PD98059 alone did not alter total MAPK3/1 protein levels (not shown).
NO Generated from SNP
NO generated from SNP on OFPAE cells was determined by a real-time NO detection method using DAF-FM (Fig. 6 ). SNP at both 1 and 10 lM started to release NO almost immediately after its addition into the wells, and this NO release exhibited a time-dependent manner, up to 2 h. SNP at lg/sample) were separated on SDS-PAGE gels. Phosphorylated and total MAPK3/1 and AKT1 were detected using a phosphorspecific or total MAPK3/1 or AKT1 (Ser473) antibody. Data are expressed as means 6 SEM-fold of the control from three independent experiments. pMAPK3/1, Phosphorylated MAPK3/1; MAPK3/1, total MAPK3/1; pAKT1, phosphorylated AKT1; AKT1, total AKT1. Asterisks and double daggers indicate significant (P , 0.05) differences from the corresponding time 0 control for pMAPK3/1 and pAKT1, respectively.
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ZHENG ET AL. example, NO generated from 10 lM SNP was approximately 6.2-fold above that at 1 lM SNP at time 0 (note: there was ; 1 min of delay before the reading was started after addition of SNP) (Fig. 6 ). For 1 lM SNP, the increase in NO levels reached significance at 10 min (;1.6-fold of its time 0 control; P , 0.05) and maintained rising, up to 2 h (;5.9-fold of control; Fig. 6 ). These increased NO levels from both 1 and 10 lM of SNP were greatly inhibited (P , 0.05) by PTIO (Fig. 6) , while NO was undetectable in the wells incubated with PTIO alone, up to 2 h.
Semiquantitative RT-PCR Analysis
As NO may regulate angiogensis by altering the expression of angiogenic factors and their receptors, we determined if exogenous (SNP) and endogenous NO affect mRNA expression of total VEGF, FGF2, the four VEGF receptors (VEGFR1, VEGFR2, NP1, and NP2), and one major FGF receptor (FGFR1) in OFPAE cells using the semiquantitative RT-PCR analysis. As illustrated in Figure 7 , one band for each mRNA product studied was observed at the estimated size as shown in Table 1 (Table 2) .
DISCUSSION
Herein we have demonstrated that the NO donor, SNP, stimulates cell proliferation and activates the MAP2K1/2/ MAPK3/1 signaling cascade in OFPAE and HPAE cells. These SNP-induced cell responses (proliferation and MAPK3/1 activation) and NO generated from SNP in OFPAE cells are inhibited by PTIO, indicating that NO generated from SNP indeed accounts for these SNP-induced cellular responses. These data also demonstrate that like FGF2 and VEGF, exogenous NO can directly stimulate cell proliferation and activate MAPK3/1 in fetoplacenta-derived endothelial cells. Moreover, our findings that PD98059 inhibits these SNP- 
NO STIMULATES ENDOTHELIAL PROLIFERATION
induced OFPAE cell responses and that SNP induces MAPK3/ 1 activation in both OFPAE and HPAE cells suggest that the exogenous NO-induced fetoplacental endothelial cell proliferation is mediated at least partly via activation of MAP2K1/2/MAPK3/1. Finally, SNP-induced fetoplacental endothelial cell proliferation appears not to be mediated by altering the expression of angiogenic factors and their receptors since SNP and L-NMMA do not alter the mRNA levels of VEGF, FGF2, and their major receptors in OFPAE cells.
Placental NO production increases during normal pregnancy. In ewes, two production peaks of placental NO production occur approximately on Days 60 and 130 of gestation [25, 32] . These increases in NO production are associated with elevations in expression of angiogenic factors, vascular density, blood flow to placentas, and placental growth and development [33] . Moreover, NO production in ovine placentas is correlated to protein expression of NOS3 but not NOS2A [25] , and NO generation from NOS3 is a primary mediator responsible for VEGF-induced angiogenesis and vascular permeability in vivo [14, 15] . Thus, the results of the current study suggest that NO generated from placental endothelial cells could play a critical role in mediating placental angiogenesis and endothelial functions through an autocrine and/or a paracrine fashion.
NO has been showed to have an antiapoptotic effect on endothelial cells [7] . The increase in the cell number after SNP treatment however, is not due primarily to decreased cell apoptosis because the cell number after 72 h of SNP treatment is more than that plated (Fig. 1) . For example, the number of OFPAE cells after 72 h of 1-lM SNP treatment is approximately 2.5-fold above that plated (4000 cells/well), while the cell number in control wells decreased by only approximately 20% even after overall 96 h of serum starvation. Thus, these results suggest that in OPFAE cells, NO increases the cell number largely via promoting cell proliferation, as observed in other nonplacental endothelial cells [9] .
The stimulatory effect of SNP on OFPAE cell proliferation is biphasic, increasing from 1 nM to 1 lM and then declining at 10 lM (note: even at this dose, the stimulatory effect still remained significant) (Fig. 1) . This pattern appears to be associated with the amount of NO released from SNP because NO levels at 10 lM of SNP is about ; 3.6-7.1-fold higher than those at 1 lM of SNP over the period studied (Fig. 6) . This decreased stimulatory effect of SNP at the relatively 
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higher concentration is not surprising since NO is known to have different actions on the same cellular responses, depending on its levels [18, 34] . For example, at the relatively lower levels, NO is proangiogenic, as shown by the current study and other investigators [34] , while at the relatively high levels, NO may act as antiangiogenic factor because of its reaction with superoxidants, which in turn forms peroxynitrite, causing cytostasis and apoptosis [34] . Compared with its effects on OFPAE cells, SNP only slightly promotes cell proliferation at relatively high concentrations (100 lM and 1 mM; Fig. 1B ) in association with a much weaker MAPK3/1 activation by SNP in HPAE cells (Fig. 3B) . These data suggest that these two types of endothelial cell lines have different sensitivities in response to SNP, which is possibly in part due to differences in basal levels of MAPK3/1 phosphorylation between OFPAE and HPAE cells (Fig. 3) . Whether these discrepancies resulted from species differences is unclear, particularly since these two types of cells are maintained and treated under different media (i.e., DMEM for OFPAE cells and MCDB131 for HPAE cells).
Our findings of the current study are consistent with the previous reports that SNP-promoted angiogenesis is mediated partly via activating the MAP2K1/2/MAPK3/1 pathway [13, 18] . More important, the inhibition of PTIO on SNP-induced cell proliferation and MAPK3/1 activation confirms that NO is indeed a major molecule responsible for these SNP-induced cellular responses since cyanide, one of SNP byproducts after NO release, is also able to elevate generation of reactive oxygen species [35, 36] , which in turn can activate the MEK/ MAPK3/1 cascade in endothelial cells [37] , including OFPAE cells [38] . Thus, together with the observation that PD98059 significantly reduces SNP-stimulated cell proliferation, these data indicate that NO generated from SNP-and the NOinduced MAP2K1/2/MAPK3/1 activation are required for SNP-induced cell proliferation. It is unclear how exogenous NO activates the MAP2K1/2/MAPK3/1 cascade in OFPAE and HPAE cells. However, several studies have postulated that NO can do so via nitrosylating the MAP2K1/2 upstream kinases, such as p21 ras [39, 40] . It is noteworthy that SNP only activates MAP2K1/2/ MAPK3/1 but not PI3K/AKT1 in OFPAE cells. This observation is contradictory to the findings in HPAE cells, in which SNP activates both MAPK3/1 and AKT1 (Fig. 3B) , and the previous report showing that NO donors (S-nitosol-Lglutathion and S-nitroso-N-penicillamine) promote migration and angiogenesis of human and bovine endothelial cells via activation of soluble GC (sGC)/cGMP/PI3K/AKT1 pathway [12] . This discrepancy could be attributed to the different origins (i.e., species and blood vessels) of these endothelial cells and the NO donors used since different NO donors are known to differently affect the cellular responses, plausibly because of the amount and duration of NO generation [6] . Moreover, OFPAE cells used in the current study do not have detectable sGC activity and do not produce cGMP in response to SNP [41] . Thus, it is more likely that the lack of sGC activity in OFPAE cells could lead to uncoupling of NO to sGC/cGMP/ PI3K/AKT1 pathway. It also suggests that SNP-induced activation of MAPK3/1 in OFPAE cells is not mediated via sGC activation.
NO has been shown to promote in vivo angiogenesis through increasing VEGF expression [16, 42] . Several groups have also shown that NO increases VEGF expression in numerous cell types, including vascular smooth muscle cells in vitro [6, 43, 44] . Conversely, NO can suppress hypoxiaupregulated mRNA expression of VEGF and its receptors (VEGFR1 and 2) in tissues ex vivo and in vivo [45, 46] and in vascular smooth muscle cells in vitro [47] . To date, little is known regarding the effect of NO on FGF2 expression in endothelial cells [48] . Thus, unlike those reported data derived from nonendothelial cells as described previously, our findings indicate that in OFPAE cells, SNP at doses effectively stimulating cell proliferation and L-NMMA at doses effectively inhibiting FGF2-and VEGF-induced cell proliferation (unpublished data) do not significantly alter mRNA expression of VEGF, FGF2, and their receptors studied. Our results on the effect of NO on FGF2 expression are also different from the observation that exogenous NO promotes cell proliferation by inducing endogenous FGF2 expression [48] . These discrepancies may result from different cell types, NO donors, and concentrations of NO donors used [6] . It is also possible that endogenous NO produced from endothelial cells may enhance expression of angiogenic factors in their neighboring cells, such as vascular smooth muscle cells, and that these increased expression angiogenic factors in turn act on endothelium, thus affecting endothelial functions. It should be noted that although SNP fails to change the expression of those angiogenic factors and their receptors in OFPAE cells, other NO donors may do so since different NO donors may cause very distinct cellular responses [6] .
In conclusion, our findings of the current study that SNP induces cell proliferation and MAPK3/1 activation in both OFPAE and HPAE cells support the concept that exogenous NO generated from SNP mediates cell proliferation primarily via transient activation of signaling pathways but not through the augmentation of local expression of angiogenic factors and their receptors. These data also suggest that basal NO levels may not play a role in maintaining the expression of VEGF, FGF2, and their receptors in fetoplacental artery endothelial cells.
